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Volumetric display containing
multiple two-dimensional images
Ryuji Hirayama
Abstract: This paper presents a study on a novel volumetric display system, which
can provide individual two-dimensional (2D) information for multiple users simulta-
neously. This system can exhibit the information only to the appropriate directions.
Therefore, it can be applied for a human{computer interaction having directional
characteristics in many elds including digital signage and security. There are three
main challenges in this study as shown below.
The rst challenge is a development of an algorithm to design a unique three-
dimensional (3D) structure containing multiple 2D images. This algorithm enables
an arbitrary number of 2D images recorded in a 3D structure. The recorded im-
ages are only visible in specic directions. The background noise occurring in each
image, due to the eect from the other images, can be reduced by an improved
algorithm combining the original algorithm and an iterative calculation method.
Moreover, I proposed an algorithm that can compensate refractive eects at the
curved glass surface and remove the constraint on the exhibition directions. I suc-
ceeded in demonstrating a 3D glass structure exhibiting up to eight images.
The second is using conventional volumetric display methods for realizing dy-
namic color 3D structures exhibiting multiple images in dierent directions. I made
two types of volumetric displays, i.e., an array of light-emitting diodes arranged in
3D layout and an array of strings on which an image is projected. Each of the dis-
plays demonstrated that the system exhibited two moving full-color images in two
orthogonal directions by applying the idea of the proposed algorithm.
The third is a development of an optically controlled volumetric display. For
the realization of a high-resolution volumetric display based on a wireless addressing
via light, I made a prototype of the display comprising photoreactive materials. I
also proposed a fabrication method of such display by using an inkjet printer to
improve its resolution. Moreover, the coloration principles of photochromic materials
were proposed and experimentally demonstrated. These principles ultimately pave
the way for a dynamic full-color 3D volumetric display with an extremely simple
structure.
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?????????????????????????????????????
?????????????????????????????????????
???64  64???????? 256???8-bit????????????????
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v1
w1
u1
v2
w2 u2
v3
w3 u3
v4
s4
u4
vN
sNuN
y
z x
V(x, y, z)
I1(u1, v1)I2(u2, v2)
I4(u4, v4)
IN(uN, vN)I3(u3, v3)
? 1.4: ????????
???3???????????????? V (x; y; z)?? (1.7)????????
???????3???????????? 64  64  64???????? 3??
?????????????????? 2???? Pi(ui; vi)??????????
? (1.1)????????256?????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???
???? 1.5(a)??????????? 3?? 3?????? I1{I3??????
???? 3??????????????????????? 1.5(b)???? 3??
????????????? I1, I2, I3????? 1.5(c)? 3??????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????? (1.4)?(1.5)?(1.6)??????????????
??? 1.6(a)???????4?????? I1{I4?? 1.6(b)?????????
??? 3?????????????????????????????????
?????? 45??????????????????????????????
????? 1.6(c)???????3?????????????????????
??????????????????????????
??? 1.7(a)??????????? 6?????? I1{I6?? 1.7(b)?????
? 3??????????????????? 1.7(c)?????????????
?????????????????????????????????????
????????
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ab
c
Pattern I1 Pattern I2
Pattern I3
? 1.5: 3?? 2?????????????? 3??????(a) 3???????
?????????(b)???????????(c)??????????
a
b
c
Pattern I1
Pattern I2 Pattern I3
Pattern I4
? 1.6: 4?? 2??????????????? 3??????(a) 3??????
??????????(b)???????????(c)??????????
a
b
c
Pattern I1
Pattern I2
Pattern I3
Pattern I4
Pattern I5
Pattern I6
? 1.7: 6?? 2???????????????? 3??????(a) 3?????
???????????(b)???????????(c)??????????
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??????????? 3??4??6???????????????????
?????????????????????????????????????
?????????????????????????????????1.4.1??
????????
1.3.2 ?????????????????
1.2?????????????? 23)???? (1.2)??? (1.7)????????
?????????????????? 3??????????????????
?????????????????????????? 3??????????
?????????????????????????????????????
?????????????????????????????????????
(1.9)????
V (x; y; z) =
NX
i=1
Ii(ui; vi): (1.9)
? 1.8???????? (a) 3??(b) 4??(c) 6??????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????? 3D??????????
?????????????????????????????????????
???????????????????????????????????
1.3.3 3D?????????
?????? 1.5???? 3???????????????????????
?????????????????3D???????????????3D??
?????????????????????????????? 4)??????
?????????????????????????????????????
?????????????????? 0.3 m?????????????????
3D?????????????????? 1.9??????? 3????????
??????????? 3D?????????????????3D??????
?????????????????????????????????????
???????????????????????
???? 60 mm  60 mm  60 mm???????????????????
???????????????? 64  64  64????????????? 0.78
13
ac
b
Multiplication
Addition
? 1.8: ???????????????????????????? (a) 3???
?? (b) 4?????(c) 6?????
mm  0.78 mm  0.78 mm??????1.3.1?????????????????
??????V (x; y; z)???????????????????????????
???????????? 492,719?????????? 3??????? 1.10(a)
??????????????????????????? 1.10(c)???????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????? 3???????
?????????????????????????????????
1.4 ??????
1.2????? 3??????????????????????1.3?????
??????????????????????????? 3??????????
? 2???????????????????????????????????
??????????????????????????????????
14
? 1.9: 3D???????????????????
a
b
c
? 1.10: 3?? 2?????????????? 3D??????(a)???? 3D?
?????????(b)???????????(c)?????????????
1.4.1 ??????????
1.3?????????????????????????? 3????????
??????????????????????????????????????
???????????????????????Structural similarity (SSIM)33)
?????????????SSIM??????????????????????
???????????????????????????????????2?
?????????????????????????????????????
????????? SSIM?? si?????????????? (1.10)?????
??
si =
(2refdest + C1)(2xcov + C2)
(2ref + 
2
dest + C1)(
2
ref + 
2
dest + C2)
: (1.10)
???ref ?dest?????? 2??????????????????????
?????????????ref ? dest???????????????????
????xcov?????????????C1???C2????????????
1??????????????????????? si?i = 1; 2; :::;M?????
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????????????? S???????????????????????
?????
S =
1
M
MX
i=1
si: (1.11)
SSIM??? 0?? 1??????1?????????????????????
?????????????????????????????????????
?????????
? 1.5?1.6?1.7?????????????????????????????
??????? SSIM?????????? SSIM?? 1.1???????????
?????????????????????????????????????
????3???????????????????? V (x; y; z)????????
?????????????????????????????????????
2????????????????????????????
? 1.1: ????????????????? SSIM?????????
???? ?? I1 ?? I2 ?? I3 ?? I4 ?? I5 ?? I6 ???
3?????? 0.628 0.735 0.921 - - - 0.761
4??????? 0.506 0.564 0.637 0.708 - - 0.604
6???????? 0.298 0.469 0.521 0.426 0.468 0.391 0.429
???????? 2???????????????3????????????
?????????????????????????????????????
??????????????????????????????? 3?????
?????????????????????
1.4.2 ??????????
????????????????????????????????????
?????????????????????????????????????
????????????????????? 3???????????????
?????????????????????????R???????G?????
?B???? 3???????????????????????????C???
????M???????Y?? 3??????????????
? 1.11?????????????????????????????????
??????????? RGB?????????????? 1.11(a)??????
?????? 1.2?????????????????3??????RGB???
?????? 1.11(b)?????? 3?????????? 1.11(c)???? 3???
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?????????????????????????????????????
???????????????
a
b
c
Red component Green component Blue component
? 1.11: 3???????????? 3??????(a)????????????
??(b)?????????(c)??????????????????
????????????????????????????????????
????3D???????????????????????????????3D
?????????????????????????????????????
????????
?????????3D??????????????????????????
??????????????????????????4????3??????
??LED?????????????????????????????????
????????????????????????? 5???????????
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????????????????????? 9)?????????????? 6
??? 8?????????????????????????????????
????? 29,30)?????????
1.4.3 ?????????
3D????????????????????????????????? 3?
???????????????????? 3?????? 3?????????
????????? 3???????????????????????????
??????????????????????????????????????
4?? 5??8???????
1.5 ??
??????????????????? 2????????? 3??????
???????
1.2??????? 2????????? 3?????????????????
??????????????????? 2?????????????????
?????????????????????????????????????
??????? 3???????????????
1.3???????????????? 3D?????????????????
??????????????????????????????????????
????????????????????????????????
1.4???????????????????????????????????
??????????????????????????????????????
????????????????????????????????????
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?2? ?????????
??????????
2.1 ??
1??????? 2??????????????? 3????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??1.4.1?????????????????????????????????
?????????????????????????????????????
??????
????????1.4.1??????????????????????????
?????? 24,25)??????????????????2.2.1????????
?????????????????????????????????????
?????? 2.2?????????????????????????????
? 2.3????????????????? 3D????????????????
?????????????????????????? 2.4?????????
??? 3D???????????????????????????? 2.5???
????????
2.2 ??????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????
2.2.1 ?????
????????????Computed Tomography: CT??? 2.1(a)?????
??3????????????X?????????????????????
19
??????????????????????? 34)?????????????
???? 3????????????????????????????????
?????????????????? 2.1(b)????????????????
???????????????????????? 3????????????
?????????????????????????????????????
?????????????????????????????????????
???????????????? 35,36)???????????????????
?????????????????????????????????????
??????????????
θ
r
Object
X-ray
Detectors
Projection
?
Backprojection
a b
? 2.1: CT?????(a)????????(b)??????????????
??????????????? 23)????????????????????
????? 2????????? 3????????????????CT? 3??
????????????????????????????? 2???????
??????????????????????????????????????
????? 3???????????????????????????????
????????CT??????????????????????????
2.2.2 ???????????????????
???????????????????? 2.2?????????? 3????
?????????????????????????????????????
???????????????
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2D patterns 3D structure
3D structure
Recorded Patterns
Record
Project
Projected Patterns
Update
Step1
Step2
Step3
Input Patterns
Ii(ui, vi)
Ri(ui, vi)
(k)
Pi(ui, vi)
(k)
V(x, y, z)(k)
? 2.2: ???????????????
???? 1???
???? 1???N?????????Ri(ui; vi)(k)?????????????
?? V (x; y; z)(k)??????? (??)??????? i????? 2??????
?????????i = 1; 2; : : : ; N ??????????? (k)? k???????
??????????????????????????
V (x; y; z)(k) =
NY
i=1
N
q
Ri(ui; vi)(k): (2.1)
?????1.2.3?????????????????? (1.7)?????????
?????????????????????????????????????
??????????????????????????V (x; y; z)(k)??????
?????????????????????????????????????
??Ri(ui; vi)(0)???3???????????????????? Ii(ui; vi)??
???
???? 2???
???? 2??????? 1?????? 3?????????? V (x; y; z)(k)?
???????????????????????????????? Pi(ui; vi)(k)
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??? (1.1)?????????????
Pi(ui; vi)
(k) =
X
wi
V (x; y; z)(k): (2.2)
????????Pi(ui; vi)(k)?????????? Ii(ui; vi)??????????
????????????????????????Pi(ui; vi)(k) = Ii(ui; vi)???
????????
???? 3???
???? 3????????????????????????????????
???????????????????????? 1????????????
?????????????????????????????????????
?????????????????????????????????????
Ri(ui; vi)
(k+1)???????????
Ri(ui; vi)
(k+1) = Ri(ui; vi)
(k) Ii(ui; vi)
Pi(ui; vi)(k)
: (2.3)
????????????? Ii(ui; vi)??????????????? Pi(ui; vi)(k)
????????????????????????????????Ri(ui; vi)(k+1)
?????????????????????????Pi(ui; vi)(k+1)??????
???????????????????
2.3 ?????????
2.2.2??????????????????????????????????
3D????????????????????????????????????
?????????????????????
2.3.1 ??????????
????????????????????????????????????
??????????????????????1.3.1?????????????
???????? 2.3(a)?????????? I1{I6????????????? 3
??? 2.3(b), (c)??4??? 2.3(d), (e)??6??? 2.3(f), (g)??????????
??????????????????????????????????? 3?
? 4????? 10??6????? 5????????????????????
22
cb d
e
f
g
a
? 2.3: ????????(a)?????????????? I1{I6??????? 3
????? (b)???????? (c)???????4????? (d)??????
?? (e)???????6????? (f)???????? (g)???????
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?????????????????????????????????????
?????????
?????????????????????1.4.1????? SSIM?????
???? 2.1????????????? SSIM????????????? 6??
????? I6???????????????????????????????
???????? SSIM???????????????????????????
? 2.1: ??????????????? SSIM?????????
?? ?? I1 ?? I2 ?? I3 ?? I4 ?? I5 ?? I6 ???
3? ????? 0.628 0.735 0.921 - - - 0.761
???? 0.756 0.836 0.946 - - - 0.846
4? ????? 0.506 0.564 0.637 0.708 - - 0.604
???? 0.645 0.744 0.864 0.805 - - 0.765
6? ????? 0.298 0.469 0.521 0.426 0.468 0.391 0.429
???? 0.614 0.558 0.693 0.538 0.590 0.302 0.549
????????????????? SSIM????????????????
?????????? 2.4????????????? 4???????? SSIM?
??????????????????????? SSIM????3???????
?????????????????????????????????????
?????????????????????????????????????
??? I4??????????? 9??????????????????????
??????????????????????
0 5 302010 2515
0
1.0
0.2
0.4
0.6
0.8
Number of Iterations
S
S
IM
 V
al
ue
Pattern I1
Pattern I2
Pattern I3
Pattern I4
? 2.4: ???????????????SSIM?????
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2.3.2 3D???????????
?????2.3.1???????????????????3D????????
????????????
???????? 3???????????????????????????
??????????????????????????? 3???????1.3.3
???????????????????? 486,565??????? 2.5(a)???
??????????????? 2.5(b)???????????????????
????????????????????????????3D????????
??????????????????
a
b
? 2.5: ???? 3D?????????????????????? 3?????
(a)???????? (b)???????
????4?? 2????????? 3??????? 2.3(d)?????????
????????????????????? 3???????? 3D??????
?????485,000????? 3????????4???? I1{I4? 45????
?????????????????
? 2.6(a)? 4??????????????? 3D?????????????
? 41 mm?????????? 80 mm??????? 3D????????3??
????????????? 2.6(a)???????4?????????????
?????????????????????????????? 3D?????
???????? 2.6(b)??????????????????????????
???????????????????????????? 1????????
?????????????????????????????????????
??????????????????????????????????????
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a b
41 mm
80 mm
Pattern I1 Pattern I4
Pattern I3Pattern I2
Pattern I1
Pattern I4Pattern I3
Pattern I2
? 2.6: 4??????????????? 3D??????(a)???? 3D???
???????(b)?????????????
???3D????????????????????????????????
????????? 3D???????????? 2.7(a)??4?????????
??????? 80 mm?? 3D????????????? 1???? 2????
??????????????? 2.7(b)????????4???????????
?????????????????????????????????????
???????????????????
a b
Pattern I1
Pattern I4
Pattern I3Pattern I2
80 mm
Pattern I1
Pattern I4Pattern I3
Pattern I2
? 2.7: 4?????????????? 3D??????(a)???? 3D????
??????(b)?????????????
????? 2??????????????? 3??????????????
?????3D?????????????????????? 2.8(a)?????
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??4????????????? 3D????????????? 100 mm???
?????????????????????????????? 3??????
?????? 2.8(b)???????4????????????????????
???????????????????????????????????
a b
100 mm
Pattern I1 Pattern I4
Pattern I3Pattern I2
Pattern I1
Pattern I4Pattern I3
Pattern I2
? 2.8: 4????????????? 3D??????(a)???? 3D?????
?????(b)?????????????
2.4 ????????????
????? 2????????? 3????????????????????
?????????????????2.3.2?????????? 3D??????
?????????????????????????????????????3
?????????????????????????????????????
?????????????????????????????????????
3??????
2.5 ??
????????? 3??????????????????????????
?????????
2.2???????????????????????????????????
?????????????????????????????????????
???????????????
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2.3?????????????????? 3D???????????????
?????????????????????????????????????
???????????????????????
2.4???????????????????? 3D?????????????
?????????????????????????????????????
??????????????????
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?3? ???????
?????????????
3.1 ??
2???????? 3??????????????????????????
?????????????????????? 3??? 3D??????????
4?? 2????????? 3???????????????????????
??????????????????????????????? 3D????
??????????????????????????????????3??
???????????????????????????????? 3D???
????????????????????????????????
?????????????? 3D??????????????? 3????
????????????????????????????????? 26)???
????? 3.2???????????????????????????? 3.3?
??CG??????????? 3D ?????????????????????
?????????????????????????? 3.4?????????
?????????????????????????????????????
???????????????? 3.5???????????
3.2 ??????
?????????????????????????????????????
????????????????????????????????????3D
?????? 1.3.3????????????????????????????
??? 3?????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???
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3.2.1 ????????????????????
??? 2????????? 3??????????????????????
???????????????????????????1???? 2????
3.1(a)??????????????????????????????????
?????????????????????????????????????
????????w????????????????????????????
??????????
P (u; v) =
X
w
V (x; y; z): (3.1)
???? 3.1(b)?????????????????????????????
???????????w?????????????????????????
?????????????????????????????????????
???????????????? 1????????? n??????????
?????????? in?????? ref ???????????
sin ref = n sin in: (3.2)
a b
Projected Pattern
Projection Axis Voxel
Glass Surface
VoxelProjection Axis
Projected Pattern
Glass Surface
? 3.1: 3D???????????? 2?????(a)??????????(b)?
?????????
3.2.2 ??????????
? 3.2(a)???????4?? 2???? I1{I4? 45????????????
???? 3D?????????????????
???? 3.2(b)?????????????????????????????
?????? (x; y; z)??????????????????????????
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(u1; v1)?(u2; v2)?(u3; v3)?(u4; v4)????? (1.7)??????????????
??????????????????????????V (x; y; z)???????
??????
V (x; y; z) =
NY
i=1
Ii(ui; vi): (3.3)
??????????????????????????????????
???????????????????????? 3.2(c)?????????
??????????????? (u01; v01)?(u02; v02)?(u03; v03)?(u04; v04)??????
????????? V (x; y; z)?????????????
V (x; y; z) =
NY
i=1
Ii(u
0
i; v
0
i): (3.4)
? (3.4)?????????????????????????????????
??????? 3??????????????????????????????
???????? 3D??????????????????1?????????
???????????????????? 3D??????????2?????
?????????????????????????????????????
????
Pattern I1
Pattern I
2
Pattern I3
Pattern  I4Pattern I4
Pattern I3
Pattern I
2
Pattern I1
a b
Pattern I1
Pattern I2
Pattern I3
Pattern I4
c
V (x, y, z) V (x, y, z)
I1(u1, v1) I1(u1’, v1’)
I2(u2, v2)
I2(u2’, v2’)
I3(u3, v3) I3(u3’, v3’)
I4(u4, v4) I4(u4’, v4’)
? 3.2: 3??????????????(a)??????????????????
(b)???????
3.2.3 ??????????????
3.2.2????1?????????????????????????????
??????2??????????????????????????????
?????????????????????????????? 2.2?????
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???????????? 3????????????????????????
?????????????????????????????????????
?????????????????
3.3 ?????????
?????3.2.2?????????????????CG??????????
???? 3D???????????????????????????
3.3.1 CG???????????
?????????????????????????Autodesk??????
CG??? `MAYA'????????????????????????????
?????????????? 3D?????????????????????
????3D??????????? 2?????????? 3.3???? 64  64
???????????????????????????????MAYA??
?????????????????MAYA?????????????????
??????????????????????????????????????
????????????????????????????? 3.4???????
??? 1.51????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??NVIDIA??mental ray???????
? 3.3: 3D??????????? 2?????
??????? 3D???????????????????????????
?CG??????????????????????? 3.5(a)???????4?
? 2????? 45????????????????????4????????
?????????????????????????????????????
20?????????????????????????? 119,899??????
???? 51,529??????????????????????????????
???????????????????????????????
32
Light
Glass
CameraParticles
? 3.4: CG??????????
? 3.5(b)????????????????????????????????
?????????????????????????????????????
??????????? 3.5(c)???????????????????????
?????????????????????????????????????
???????????????????????????? 3D???????
??????????????????
b
c
a
? 3.5: ??? 3D????????? CG?????????(a)???????
? 3D??????????(b)?????????????? (c)???????
?????????
???? 3.6(a)?????????? 3D??????????????????
???????????????????????? 119,899?????????
? 36,034?????? 3.6(b)????????????????????????
?????????????????????????????????????
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?????????????????????? 3.6(c)????????????
?????????????????????????????????? 3D?
????????????????????????????????????
b
c
a
? 3.6: ??? 3D????????? CG?????????(a)???????
? 3D??????????(b)?????????????? (c)???????
?????????
????????????????????????????? 2??????
?? 3D??????CG??????????????????????????
?????????????????????????????????? 3D?
????????????????
3.3.2 3D???????????
?????3.3.1?????????????????????????????
?? 3D?????????????????????????????? 2??
? 3D???????????
? 3.7(a)????????? 3D??????????? 3D?????????
? 80 mm??? 50 mm?????????45?????????? 4?? 2??
????????????????????????????????? 51,529?
???? 3.7(b)??????????????????????????????
??????????????????????????
??????????? 3D??????? 3.8(a)?????? 100 mm???
?????????????????????? 3??????????????
???????????????????????? 36,034????? 3.8(b)??
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????
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a b
100 mm
80 mm
Pattern I1 Pattern I4
Pattern I3Pattern I2
Pattern I1
Pattern I4Pattern I3
Pattern I2
? 3.7: 4?? 2???????????? 3D??????(a)???? 3D???
???????(b)?????????????
a b
100 mm
Pattern I1
Pattern I4Pattern I3
Pattern I2
Pattern I1 Pattern I4
Pattern I3Pattern I2
? 3.8: 4?? 2???????????? 3D??????(a)???? 3D???
???????(b)?????????????
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????????????????????????????????????
??????????????????
3.4 ?????????????
??????? 3D???????????????????? 3.9?????
??????????????????? 2?????????????????
???????????? 3??????????? 4????????????
?????????????????????????????????????
?????
? 3.9: 3D???????????? 2??????? 2?????
????????? 3D????????????????? 3.1(b)?????
????????????????????????? 180??????????
??????????????????? 2?????????????????
???????????????2??????????????????????
?????????????????????????????????????
?????????
3.4.1 3D????????????
3.4????????????? 180???????????????????
??????3D?????????????????????????? 3.10(a)
???? 4?? 2?????????????? 64  64? 256?????????
3.10(b)???????4???? I1{I4???????????? 3D??????
?????4??????????? 90???????????????????
?????????????????2???????????????????
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????????????????????????? 20???????????
??????? 90,961??????? 3.10(c)? 4???????????????
?????????????????? 180?????????????????
?????????????????
b c
a
Pattern I1
Pattern I4Pattern I3
Pattern I2
Pattern I1 Pattern I4
Pattern I3Pattern I2
? 3.10: ???????? 4???????????? 3D??????(a)???
?? 4???????(b)???? 3D??????????(c)????????
?????
????? 3.11(a)???? 8?? 2???????????? 3D??????
??????????????? 3.11(b)?????? 45????????4??
???????????????????? 3????????????????
?? 116,829??????? 3.11(c)? 8?????????????????? 8
????????? 3D??????????????
3.5 ??
?????????????????? 3?????????????????
3D????????????????????????????????????
??????????????????
3.2???????????????????????????????????
??????????????????????????????????????
????????????
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ba
c
Pattern I1
Pattern I6Pattern I5
Pattern I2 Pattern I3
Pattern I8Pattern I7
Pattern I4
Pattern I1
Pattern I6 Pattern I5
Pattern I2
Pattern I3
Pattern I8
Pattern I7
Pattern I4
? 3.11: ???????? 8???????????? 3D??????(a)???
?? 8???????(b)???? 3D??????????(c)????????
?????
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3.3????CG??????????? 3D?????????????????
?????????????????????????????????????
???????????????????????
3.4???????????????????????????????????
??????????????????? 3D???????????????180
??????????????????????????????
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?4? ????
???????????
4.1 ??
1??? 3?????????????? 3?????????????????
???????3D?????????????????3D??????????
??? 3?????????????????????????????????
???????????????? 1.4.2???? 1.4.3??????????3D?
????????????????????????????????? 3???
?????????????????????????????????????
???????????
?????????????????????Light Emitting Diode: LED?? 3
????????????????????????????? 3???????
?????????????????????????????????????
?????????????? 27)??? 4.2??????? LED????????
??????????????????????? 4.3???LED????????
?????????????? 2?????????????????? 4.4???
???????????????LED????????????????????
????????????????????????????? 4.5???LED?
????????????????????????? 4.6???????????
4.2 LED????????????
LED? 3????????????????????????3D LED Cube?
???????????????????????????????????LED
???????????????????????????????????
???????????LED???????????????????????
?????? 4.1???????LED????????????????????
????????????????????????8  8  8???????LED
???? 3??LED????????????????????????????
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?????????????????????????????
Control unit
Display unit
? 4.1: LED?????????????
4.2.1 ??????
?????????????? LED?????? 4.2(a)???????8  8
??????? LED?????? 8?? LED???????????????
? LEDGEND Technology??? `3D LED Cube MB8X'???????????
???????? 4.2(b)????????????? 12?? LED???????
`SCT2024'37)???????????12???????????????????
?????????????????? 16?????????????????1
????????? 192????64????  3???????1???????
?? 3???????????????????????????? 1?2?3???
???R?G?B??????????? LED????????? 4.1????
121
128
122
127
123
126
124
125
65
72
66
71
67
70
68
69
73
80
74
79
75
78
76
77
81
88
82
87
83
86
84
85
97
104
98
103
99
102
100
101
89
96
90
95
91
94
92
93
105
112
106
111
107
110
108
109
113
120
114
119
115
118
116
117
Red
Blue
Green
ba
SDI
RB G
Voxel 64
SDO
RB G
Voxel 1
192 191 190 177 3 2 116
CLK
LA/
OE/
SCT2024 SCT2024
RB
57
64
58
63
59
62
60
61
1
8
2
7
3
6
4
5
9
16
10
15
11
14
12
13
17
24
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23
19
22
20
21
33
40
34
39
35
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LED driver
(SCT2024)
? 4.2: ???????(a)??????????(b)???????????
41
? 4.1: LED???? `SCT2024'????
???? 3.3-5.0 V
???? 5-45 mA (at 5 V)
??????? 16
??????? 25 MHz
LED????????????CLK????????????SDI??????
??LA/????????????OE/???? 4?? 1-bit??????????
????? 1??????????????????????
1. ?? LED?????????LA/? Low????????????????
SDI????? LA/? Low??????
2. ? 4.2(a), (b)?????????????? SDI1?1????????R?
??????????? SDI192?64????????B?????????
?????SDI?? CLK???????????????????
3. ??? SDI?????LA/?High???????????????????
??????????
4. OE/? Low?????????SDI????High????????????
?????????????????????????????????
???????? 8??????????????????LED?????????
4.2.2 ??????
???????????????????????????? `Arduino Mega
2560'?Arduino????????????? 54?????? I/O?????????
C/C++??????????????????????????????? 4.2?
???
? 4.2: ????????????? `Arduino Mega 2560'????
???? 5.0 V
????? I/O??? 54
Flash ROM?? 256 KB
????????? 16 MHz
??????Flash ROM??????????????????????????
???????????????????????????????????????
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??????????????????????????????????????
????????????????????
? 4.3????????????????????? 1???????????
??????????OE/?High????8?? LED???????? LED??
???????OE/?Low?????????SDI????????????LED
??????????????????????????????????????
?????????????????????????????? 1??????
???SDI1?High? SDI2? SDI3?Low????R?????High????OE/
? Low??????????????????????? 2???????? 3?
??????R?B??????? 64????R?G?B???????????
??????????????????????8??????????????
???????????8?? LED????????????????
SDI
CLK
OE/
LA/
R
Voxel 1
321 190
B
Voxel 64
191
G
192
R
654
G
Voxel 2
987
R
Voxel 3
Voxel 1 Red
Displaying period
Voxel 2
Voxel 3
Voxel 64B White
Green
Magenta
SDI
CLK
OE/
LA/
Voxel 65
321 654
Voxel 66
7
Board 1
Board 2
BG B
? 4.3: ???????????????OE/? Low????????Displaying
period???SDI?????? LED??????
4.3 ????
????????? LED???????????????????????? 3
?????????????????????????????????????
????????????? 2???????????????????????
?????????????????????????????? 8  8 ????
???????????????RGB? 3??????????????????
??? 1?On?? 0?O?? 2???????????
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4.3.1 ???????
???? 4.4(a)??????????????????????? 4.4(b)??? 3
?? 2???? \X"?\Y"?\Z"?????? 3????????????????
?????????1???????????????????????????
????????? 0?LED????1?LED????????????? 4.4(a)
?????????????????????????????????????
??? 4.4(c)????????????????????
ca
b
? 4.4: ??????????(a)????????????????(b)?????
??????(c)?????????????
4.3.2 ???????????
??? 4.5(a)??????????????????????????????
??????????? 3??????????????????????????
????????????? 8?????????????????? 4.5(b)???
2???????? 2?????????? 2?????????????? 4.5(c)
??????????????? 2?????????????????????
??????????????????????????????
4.3.3 ???????
????????????????????????????????????
? 4.6?????? 2???????????A{L?????????0{9????
?????????????????????????????????????
??????????? 2?????????????????????????
???????????
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ca
b
? 4.5: ??????????????(a)????????????????(b)?
?????????(c)?????????????
?? 1???????????????????????????????3.9 ms
??????????? 8???3??? 1??????????????????
? 31.2 ms???????????? 32 Hz????
a
b
? 4.6: ??????????(a)??????????????????????
(b)?????????????????
4.3.4 ?????????????
????????????????????????????????????
?????????????????????????????????????
??LED?????????????????????????????????
???
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4.4 ???????????????????????
???????????????????LED???????????????
??????????????????4.2.1?????????????????
?????????????????????????????????????
?????
??????????????????Pulse Width Modulation: PWM???
38,39)????????????????????????PWM????????
???????????? LED?ON?OFF????????????????
??????????????????????????????????????
???????????????????????????????
? 4.7??????????????????? LED????????????
??????????????????????????
1. ???PC??????????????????????????????
?????????RGB? 3???? 8-bit???????????????
2. PWM?????????????????????????????????
????????????
3. ???????????????????? 3??????????????
???
?????????????????????????????????????
??????????????????
Host PC
Control Unit
Display Unit
Voxel data
Atlys board
Add-on breadboad
Control signals
? 4.7: ?????????? LED?????????????????
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4.4.1 ???????????????
PWM?????????????????????????????????
?????????????????????????????????????
????????????????????RGB? 256???24-bit???????
3????? 30Hz????????????????????????1/30 s??
? 256???????? 3??????????????????????????
??????? 1 / (30  256) = 130 s??????????????? 7.7 MHz
??????????????
????????????????????????????????????
4.3.3??????????????????????????? 3???????
????? 32 Hz????????????????? 105???????????
PWM??????????????????????????????????
16 MHz??????????????????????????????????
???????????????? FPGA?Field Programable Gate Array???
??????????FPGA????????????????????????
????????????????????????
???????????????Digilent???????????????????
???? `Atlys Board'40)??????????? `Spartan-6 LX45'41)???FPGA
?????????????? 100 MHz??????????? 4.3??????
FPGA??????????Atlys Board??`VmodBB'????????????
????????????????????????? I/O??????????
??????????? I/O?????????????????
? 4.3: FPGA??? `Spaltan-6'????
Logic Cell 43,661
Slice 6,822
Flip-Flop 54,576
Distributed RAM 401 Kb
Block RAM 2,088 Kb
????? 100 MHz
? 4.8??FPGA????????????????????????????
??????????????
1. ???????????????Atlys Board??????????????
???????? PC???????????????1-bit???????
???????????????????8-bit?????????????
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?????????1????? 3???????????????????
????? 12,288-bit (= 8-bit  3????  512????)????Atlys
Board???????????????????? 12 Mbps42)??????
?????? 1.8 Mbps????????????????????????
?????????????
2. ???????????????????????? 2??????????
?????????????? ???????????????????
?? ?????????????????????? 1.8?? 3.0????
???????????????????????????????????
????????????????????? ?????????????
??????RGB???????????????????? 8-bit???
????????????????????????? 1-bit????????
9-bit??????????? 8-bit??/9-bit??????????????
????????
3. ???????????????PWM?????RAM?????????
??8??????????????? 8???RAM???????????
???PWM??????????????? 4.9?????????????
9-bit???????? 1-bit???SDI??????????????? 8?
?? SDI????????????????????????
4. ??????????????????????? PWM????????
SDI?????????? SDI???? CLK?LA/?OE/? 3??????
?????CLK?LA/?OE/??1???????????? 1??????
?????????????? 32??4??  8????????????
?CLK?Atlys board????????100 MHz?? 1/4?????LED?
??????????? 25 MHz?????????? PWM??????
???LED????????????????? 192?? SDI??????
????????????????????
???????????????????????? 4.9(a)?????????
?? 1?RGB??????? 511?255?127????????????RGB??
?????????????? 9-bit??????????????????? 1?
????????????????4.2.1??????????????????
?? 1??????????511??????????????????????
??????CNT?????????????????????????????
LED???????????????????????????????????
??????? 4.9(b)?????????CNT? 1?? 127?????RGB??
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Serial Port
Controller
S
erial P
ort
Gamma
Correction
8
Pulse Width
Modulation
9 Display
Controller
FPGA Board 1
CLK
SDI
LA/
OE/
B
oard 8
CLK
SDI
LA/
OE/
Display Unit
Control unit
A
dd-on breadboard
H
ost PC
? 4.8: ??????????????????????????
????CNT? 128?? 255?????R?G????CNT? 256?? 511??
???R????????????????????????????? 1???
????????
a
R
G
B
511255127 383 44719163 319
= 511
= 255
= 127
CNT
voxel
ON
OFF
ON
OFF
ON
OFF
b
SDI
CLK
OE/
LA/
321
1
1 2 3
CNT
Frame 1
321 21
511
R G
Voxel 1
B R G
Voxel 1
R
Voxel 1
El. El. El. El.
255
? 4.9: ???????????????????????(a)PWM?????(b)
???????????????
4.4.2 ??????
?????????????????????????????????????
?????X?????LED?????Y???????Sanwa Electric Instrument
?????? `Laser Power Meter LP1'?????? 4.10(a)??????????
???????? 4.10(b)???????????????????? 1?????
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????????????????????????????????? Y = X
?????????????????????????????????????
????????????? 10 3??????????????????????
????????????????????????????????
2550
1.0
0.0
0.2
0.4
0.6
0.8
50 200150100
Input (X)
Lu
m
in
an
ce
 (Y
)
a b
Power meter
Voxel
? 4.10: ?????????????LED?????????(a)?????(b)?
??? LED??????
???????????????????????1?? LED????????
192?64???? 3???????????????????????????
?25 MHz????? 192? SDI????????????? 7.7 s?=192 / 25M?
????4.4.1?????????PWM?????????LED????????
????SDI??????7.7 s????????????????SDI????
??????????????? 511????????????????????
1?????????????????? 7.9 ms?2  7.7  s  511??????
??????????????? 1.8 Mbps????1?????????????
?????????????? 6.8 ms?= 8-bit  3????  512???? / 1.8
Mbps?????????? 1?????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????7.9 ms??? 127
Hz????????????????????? 30 Hz???????????
?????????????????????? 4??????????????
?????????????????????16  16  8??????????
??????????????
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4.4.3 ????????????????
? 4.11?????? 2???????????????????????????
????????????????? A?? L???????????????
4.11(a)????????? 0?? 9???????? 4.11(c)??????????
??????????????????????????????????LED?
???Hue?? 5???????????????Saturation?????Brightness?
????????????????????? RGB?????????????
HSB??? RGB???????????????????? 4.11????H =
15; 30; 45; :::; 360???????? 4.11(b)???? 4.11(d)?????????
?????????????????????????????????????
?????????????????????????????????????
??????????
b
c
a
d
? 4.11: ???? 2????????????????????????????
???(a)??????????????A?? L???????????????
(b)????????????????(c)??????????????0?? 9?
???????(d)?????????????
4.5 ????????????
???? 1.10???? 3D?????? 64  64  64???????????
??????????????????? 8  8  8?????????????
4.11????????????? 2?????????????????????
???????LED????????????????????????????
???????????? 32  32  32????? LED???????????
?????????????????????????????????????
?????????????????????????????????????
??? 2??????????????????????????????
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????????????????????????????????????
??????????????????????????LED?????????
??????????????????????????????????????
??????????LED?????????????????????????
???????????????????????????????? 2????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????? 6??? 8???????
4.6 ??
?????LED? 3????????????????????????????
????????????????
4.2????LED?????????????????????????????
8  8  8?? 3?????????? LED?????????????????
????? 3??????????
4.3???????? LED???????????????? 2???????
??????????????? 3?????????????????????
??????????
4.4???????????????????????????????????
????????FPGA??????????????????????PWM?
????????????????????????
4.5????LED????????????????????????????
????????????????????????????????
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?5? ????????????
???????????
5.1 ??
4????LED?????????????????????????????
??????????????????????????? 2?????????
?????? 3??????????????????????????????
?????????????????????????????????????
??????????????? 2????????? 3???????????
????????? 2?????????????3?????????????
???????????????????????????????? 3????
????????? 9)??? 10)?????????? 3D????? 11)?????
???????
??????????????????????????????? 9)?????
?????????????????????????????????????
??????????????? 2????????? 3???????????
???????? 28)??? 5.2???????????????????????
???????????????????????????? 5.3??????? 2
?????????????????????????????????????
?????????? 5.4?????????????????????????
?????????????????? 5.5???????????
5.2 ???????????????
????????????????????????????????????
??????????3??????????????????????????
?????????????????????????????? 2??????
?????????????????????
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5.2.1 ???????
? 5.1?????????????3?????????????????2??
??27 cm???? 4??????????????????? 25 cm??? 7 
7?????????????????????????????????????
?????????????????????????????????????
????????????????????????7  7???????????
?????????????????????????????????????
?????????????????????Micoro Vision??`SHOWWX Pico
Projector'????????????? 3???????????????????
??????? 848  480???? 15????????????? 5,000:1???
?????????????????????
Threads
PC
Projector
? 5.1: ???????????????????????????????
5.2.2 ??????
????????????? 2????????????3?????????
????????????????????3  3??????????????
?????????????????????????????????????
?????????????????????????????????9???
?????????????????? 5.2(a)????????????????
?????????????????????????????????????
?????????????????????????????X'???????
54
?????????????????????Z??????????????? 3
?????????????????????????????????????
?????????????????????????????????????
???????
????????????????????Y???????????????
????Y'????????????????????????????????
?????? 5.2(b)????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????????????????????????????????
Projector
Illuminated threads
2D pattern
X
Z
a b
Y
ZProjector 2D pattern
Illuminated threads
X’
Y’
? 5.2: ???????????????????????????????????
(a)???????(b)??????????????????
5.3 ??????????????
????????????????????????????????????
??????????????? 2???????????? 3????????
?????????
5.3.1 ???????????????
????????????? 90?????????????????????
???X'???????Y'???????????? 480??? 848????? 5.3
????????????????X'????????????????????
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????? 49??????????????????????1????????
?????????? 7???????? 22?????????
????????????????????????????????????
????????????????????????7  7???????????
?????????????????????????????????????
?????????????????????????????????????
??? 5.3???? 2??????????????49????????????
?????????????????????????????????????
??????????????
Line 1
Line 2
Line 3
Line 4
Line 5
Line 6
Line 7
Projector
2D pattern
X
Z
X’
? 5.3: ??????? 7  7??????????????????????
5.3.2 ???2?????????????????????
??????????????????????????????????? 2?
???????? 3????????????????????????????
????????????1{0??????????????????????A{J?
???????????????????????????????? 7  7??
??????? 5.4(a)???????????????????????????
?????? 5.4(b)???????????????????? 2???????
????????????????????????????
?????????????????????7  7 = 49??????????
?????????? 5.4?????????????????????????
??? 2????????????????????????????
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ab
? 5.4: ??? 2??????????????????????(a)??????
???????????(b)??????????????????????
5.4 ??????
5.3???????????????????????????????????
480  848??????????????????? 480????? 7  7 = 49?
???????????1??????????????????? 10?????
?????????????????????????????????????
????????????????????????????
5.4.1 ???????
? 5.5???????????????????????90 cm???????
?????????????????????????? 180 cm???????
????????? 100 cm?????????????????????????
?????????????????????????????????????
???????????????? 20  20?????????????????
????? 1????????????? 400????????????????
????????????????
???????SONY???????? `VPL-FHZ55'??????5.3????
??????????????????????? 5.1????????????
???????D????????W??????????: D / W???????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????? 4?????????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
???????????????????????? 2?????????????
?????????????????????????????????????
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90 cm
90 cm
180 cm
? 5.5: ???????????????????
? 5.1: ????????????
?????? SHOWWX VPL-FHZ55
??? 480  848 1,920  1,200
???????? 15 4,000
????????? 5,000:1 8,000:1
?????? 1.0 2.2
??????????????????????????????????????
???????????????????????????????? 5.6????
???X?????????????????????????????????
??????????????????????????????? 345????
??????????????????????????
5.4.2 ???2?????????????????????
?5.7??????2????????????????????????????
???????????????????????????\SUNNY"?\CLOUDY"
?????????????????? 5.7(a)?????????????????
????????5.7(c)??? 5.7(b)???? 5.7(d)??????2????????
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80 cm
80 cm
? 5.6: ?????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????
5.4.3 ?????????????????
???????????????????????????? 1,920??????
345?????????????????? 1?????????? 6?????
??????????????????? 1?????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
???
?????????????????????????????????????
??????????????????????????????5.4.2?????
?????????????????????????????????????
?????????????????????????????????????
???????????????????????
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ab
c
d
? 5.7: 2???????????????????????????????(a)?
????????????????????????(b)????????????
????(c)??????????????????????(d)????????
?????
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5.5 ??
????????????????????????????????????
2????????????????????????
5.2???????????????????????????????????
?????????????????????????????????????
???????????????????????????
5.3???????????????????????????? 2??????
???????????????7  7 = 49??????????????????
???????????????????
5.4??????????????????? 345??????????????
????????????????????????????????????
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?6? ?????????
??????????????
6.1 ??
4???? 5???????????????????????????????
????? 2???????????????????????????????
????????????????????????????? 6.1(a)?????
???????????????LED????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????
?????????? 3??????????????????????????
?????????????????????????????????????
?????????????????????????????????????
6.1(b)????????????????Quantum Dots: QD?????????
???????????????????????????????? 2????
?\X"?\Y"?\Z"?????? 3??????????????? 3???????
???????????????????????????????????
ba
Observer
Occlusion
LED
Occlusio s
Electrical wiring
QDs
Excitation light
? 6.1: ???????????????????????(a)?????????
??????????(b)????????????????????????
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?????????????????????????????????????
????????????? 29)?????????? 6.2???????????
????????????????????????????????? 6.3???
?????????????????????????????????????
??????? 6.4????????????????????????????
???????? 6.5???????????
6.2 ????????????????
????????????????????????????????????
????????????????????????3????????????
?????????????????????????????????????
????????????????????
6.2.1 ??????????
????????????????????????????????????
??? 6.2(a)? SIGMA-ALDRICH?????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
???????????
????????????????????????????????????
??????????????????????? 43)?? 6.2(b)????????
?????????????????????????????????????
?????????????????????????????????? 44)??
??????? 2???????????????????????? 45{47)???
?????????????????????????????????2????
??????????3???????????????????????????
?????????????????????????? 3???????????
6.2.2 ????????????????
????????????????????????????????????
??????????????????????????SIGMA-ALDRICH???
Lumidot CdSe/ZnS?????????????????????CdSe?????
???????ZnS??????? 2?????????????????????
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Size
Band gapE
Conduction band
Valence band
a b
? 6.2: ??????(a)?????????????SIGMA-ALDRICH?????
? 48)??????(b)????????????
??????? 5 mg/mL?????????????????????????
?????????????????????????????????? 610 nm
???? 530 nm?????? 2????????????????????????
??????PDMS?????Dow Corning Toray ??? SYLGARD 184 Silicone
Elastomer Kit???????????????????????????? 2??
???? 10:1????????????????????????????????
PDMS??????????????????????????????????
???????????????? 49,50)???????????????????
??????????????????????????????????????
?????????????????????????????
1. PDMS????????????????????????????????
?????????????1.1 mL???????1.0 mL?????0.1 mL?
???????????????? 50 L?????? 40 L??????
2. ?????????? 1 cm  1 cm  4 cm???????????????
??????
3. ??????????????????????????100 C?????
? 3??????????????????
4. ???????????????????????????????????
???????????????????? 2.5 mm????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????
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6.2.3 ?????????????????
???????????????????????????6.2.2???????
?????????? 6.3??????????? 3????8  8  8??????
????????????????????????? 6.3(a)??????????
???????????????????????????????? 3????
??????? 2?????????????????????
??????????????????????????????????
1. 2.5 mm?????????????????????? 6.3(b)??????
???????8?????????????????????
2. ???????????????????????????????10:1??
????????????????
3. ???????????????????????????????????
???????????????????????????????????
?????????????????
4. ????????????? 100 C?? 3????????
5. ???? 8???????????8  8  8??????????????
??????????????
b
1 2
3 4
5 6
7 8
a
top (pattern I1)perspective
front (pattern I2) side (pattern I3)
top
sidefront
? 6.3: ??????????????????????????(a)??????
?????????????????(b)????????????????????
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? 6.3(b)????????????????????????????????
?????????????????????????????????????
??????????????????????????????????? 3?
?????????????????????????????????????
?????? 8??????????????????????????????
? 2?????????????????????????????? 8????
??????(1) 4?????????? 4??????????????????
????(2) 4?????????? 4????????????????????
??(3) 2???????? 2?????????? 4?????????????
?????????????????????????????? 6.3(a)????
?????A?????B???????????????????????C?
???????????????
6.3 ????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??3???????????????????????????????????
????????????????????????????????????
6.3.1 ???????????
? 6.4(a)?????????????????????????????????
???????????????????????????????????? 1
cm  1 cm  1 cm???????????AS ONE?????? `MID-170'??
? 302 nm?????????????????2???????????????
????????????????????????????????
? 6.4(b)????????????????????????????????
?????????????????????????????????325 nm?
??????KIMMON KOHA?`IK3052R-BR'????????????????
?????????????????????????????????????
?????629 nm? 541 nm????????????????????????
??????????????????????????????? 615 nm? 530
nm???????????????????????????????????
?????????????????????????????????????
???????????????????????????
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???? 6.4(b)?????????????????????????????
???200{620 nm?????????????????????????????
??????????????????????
ba
1cm
320 360 400 440 480 520 560 600 640 680 720280240200
0.50
0.75
0.25
1.00
0.00
Wavelength [nm]
P
ho
to
lu
m
in
es
ce
nc
e
A
bs
or
ba
nc
e 
0.02
0.04
0.00
0.06
-0.02
Ultraviolet excitation
spectrum
Green block
emission Red block
emission
Red block
absorption
Green block
absorption
? 6.4: ????????????????(a)????????????????
????????????(b)????????????????????????
????????
6.3.2 ?????????????????????
? 6.5??CMOS????????????????????????????
????????????????? 6.5(a)???????????? 3?????
????? 6.5(b)??????????????????????????????
????????????????????????? 6.5(c)??????????
????????? 6.5(d)??????????????? 6.5(e)????????
?????
?????????????????????????????????CMOS
?????????????????????? 6.6(a)????????????
????? RGB?????? 6.4(a)????????????????????
????????RGB? 3?????????????????? 1??????
???????????????????????G???B???????R?
??????????????R???B???????G??????????
6.4(b)??????????????????????????????????
????????? 6.6(a)?????B???????????????????
????????????????????
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dc e
ba
1cm
front (I2)top (I1) side (I3)
top
side
front
? 6.5: ?????????????????????(a)????????????
(b)?????302nm????????????????????? (c)???? (d)
???? (e)???????????????
??? 6.6(b){(d)????????????????????????????
I1?? 6.5(c)???????????? I2?? 6.5(d)???????????? I3??
6.5(e)??????????RGB??????? I1??? I2??32??????
????32????????????????????????????????
?????? I3??? 64??????????????????????????
??????????????????????????????????? I1?
?? I2??????????RGB????????????????????G
?????????????????????????????????????
?????????????????????????????????????
????? I1??? I2???????????????????????????
???R?????????????????????? 6.5(e)?????? I3?
?????????????????? I1??? I2?????????????
??????????? 6.6(b){(d)????????? I3??????????G
????????????? I1??? I2???????????????????
?????????????
6.3.3 ????????
????????????????????????????????????
??????????????????????????????????????
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dcb
a
R
G
B
 v
al
ue
s
R G B
1.0
0.0
0.4
0.6
0.8
0.2 Red block
Green block
R
G
B
 v
al
ue
s
R G B
1.0
0.0
0.4
0.6
0.8
0.2
top (I1)
4 x Red voxels
4 x Green voxels
R
G
B
 v
al
ue
s
R G B
1.0
0.0
0.4
0.6
0.8
0.2
front (I2)
4 x Red voxels
4 x Green voxels
R
G
B
 v
al
ue
s
R G
1.0
0.0
0.4
0.6
0.8
0.2
side (I3)
B
2 x Red  and 2 x Green voxels
? 6.6: ???????????????????(a)?????????????
?????????RGB??(b)???? I1????(c)???? I2????(d)?
??? I3????????RGB??
????????????????????? 2????????????????
? 6.7(a)????????????????????????????????RG
????????????????GR??????????????????
? 6.7(b)???????????????RG???GR??????????
???????RG???????541 nm???????????????????
GR?????? 29%???????????????????????????
?????????????????????????????????????
???????????????????????? 6.7(c)??????????
???????????????????1964????????????????
???????????????????Commission Internationale de l'Eclairage:
CIE???????? 51)?????????RG???GR???????????
???3:5610 2????????????????????????? 0:510 2
???????????????????????????????? 52)????
?????????????????????????????????????
?????????????
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cb
a
Laser System
(325 nm)
Spectrometer
Green QD block Red QDblock Red QD block Green QD block
RG combination GR combination
460 500 540 580 620 660 700 740
0.0
0.4
0.6
0.8
0.2
1.0
Wavelength [nm]
P
ho
to
lu
m
in
es
ce
nc
e
GR
RG
0.0 0.4 0.6 0.80.2
0.0
0.4
0.6
0.8
0.2
1.0
X
Y GR
RG
0.4 0.6
0.4
0.6
X
Y3.56 x 10-2
? 6.7: ??????????????????????????????(a)??
????????(b)???????????(c)???????????????
6.4 ??
????????????????????????????????????
??????????
6.4.1 ???????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????
??????????????? 2?????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????
?? 6.7????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
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?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????
????????????????????????????????????
?????????? 53{59)?????????????????????????
?????????????????????????????????????
?????????????
6.4.2 ?????
?????????????????????? 3?????? 2??????
?????????????????????????????????????
??? 6.5???????????? 8  8  8???????????????
?????????????????????????????????????
????????????????????????????? 3???????
?????????????????????????????????????
?????????7???????
????????????????????????????????????
?????????????????????????????????????
?????????????? 3???????????????????????
?????????????????????????????????????
??? 3??????????????????????8?????????
6.5 ??
????????????????????????????????????
???????????????????????????????
6.2???????????????????????????????????
???????????????????????????????????3?
??????????????????????
6.3??????????????????????????????????
?????????????? 2???????????????????? 3?
????? 2???????????????????????????????
????????????????????????????????????
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6.4????????????????????????????????????
?????????????????????????????????????
?????????????????
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?7? ??????????????
????????
7.1 ??
6??????????????????????? 3?????? 3?????
?????????????????????????????????????
?????????????????????????????????????
?????? 6.4.2????????????????????????????
?????????????????????????????????????
????????? 8  8  8???????????????????????
????
?????????????? 3??????????????????????
??????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????? 7.2?
?????????????????????????????????????
???????????????????? 7.3????????????????
3???????????????????????????????? 7.4???
???????? 2?????????????????????????????
??? 7.5????????????????????????????????
??????????????????????? 7.6???????????
7.2 ???????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????
????????????????????????????????????
??????????????????????????????????
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7.2.1 ???????
? 7.1??????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????? 3???????????
3D????????????????????????????????????
?????????????????????????????? 3???????
?????????????????????????????????????
???????????
Ink-jet printer
Printed sheet Excitation light
Full-colour 3D image
? 7.1: ?????????????????????????????
7.2.2 ????????????????
????????????????SO-KEN????????????????
? `TPW-105BL'????????????????????????? SO-KEN
???????????????????? 5,760  1,440 dpi????? 2???
?????????????????????????? 3???????????
??????????????????????????? 3??????????
??????????-??????????????????????????
????????????????????????`Quantaurus-QY C11347-01'?
?????????????? 7.2(a)??360 nm??????????????
????? 7.2(b)?????????????????????????????
?folex?`BG-36A4'??????????????????
? 7.3??????????????????????????????????
??3?????????????? 20???????????? 0.1 mm????
????????????????????? 0.5 mm????????????
??3????????????35 mm  35 mm  13 mm?????? 7.2(a)?
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a b
400 700600500450 650550280 400360320300 380340
Wavelength [nm] Wavelength [nm]
Q
ua
nt
um
 y
ie
ld
P
ho
to
lu
m
in
es
ce
nc
e
0.0
1.0
0.8
0.6
0.4
0.2
0.0
1.0
0.8
0.6
0.4
0.2
? 7.2: ??????????(a)?????????(b)360 nm????????
????????
???????????????? 365 nm?????????AS ONE??UV
??? `LUV-4'?????? 7.3??????????????????????
???????????????
Y
Z
X
12.5 mm
19 spacers
20 films
35 mm
35 mm
UV irradiation
? 7.3: ????????????????
7.3 ?????3?????
???????????????????? 3???????????????
???????????????????????????????? 2????
??????????? 3?????????????? 3????????? 3
???????????
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7.3.1 ??????????????
20??????????? 2???????????????????????
3??????????????????????????51,767???????
???????????RGB???????????????? 7.4(a)??CG?
?????????? 3??????????????????????????
?? 20??????????????? 7.4(b)????1???????????
?????????????????? 3??????????
??????????????????????20??????????? z =
Z1; :::; Z20???????????3??????????????? (Ox; Oy; Oz)
????????????Zn < OZ < Zn+1????????? n???????
? (Ox; Oy)???????????????????????????20????
?????????
a b
16 1817 19 20
11 1312 14 15
6 87 9 10
1 32 4 5
? 7.4: ????????????????????(a)3???????????(b)20
?? 2???????
7.3.2 3????????
????????????????????????????????????
???????? 3??????????? 7.5(a)?????????? 7.5(b)??
???? 7.5??????????????? 30???????????????
??????? 30????????????????????????????
?????????????????????????????????????
??????????????????? 3?????????????????
??????????????3???????????????????????
????????
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ab
10 mm
? 7.5: ????????????????? 3????(a)3????????(b)?
???? 3????
7.4 ???2?????????3?????
????????????????????????????????????
???? 2????????? 3??????????????????????
????
7.4.1 ??????????????
??? 2????????? 3????????????1?????????
??????????????? V (x; y; z)?????????????????
??????????????RGB???VR(x; y; z), VG(x; y; z), VB(x; y; z)???
???????????????? 1?????????????????????
????????? 2??????????????????
?????? 7.6(a)??????????? 3?????????? 3????
??? 2???? I1{I3???????????????????????????
???????RGB? 256????????? 512  512?????????? I2
?????????????????????????? I1??? I3?Y???
??30????????????????????????? 2??????
?? 7.6(b)????
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a
16 1817 19 20
11 1312 14 15
6 87 9 10
1 32 4 5
X
Y
Z
b
Pattern I1
Pattern I2
Pattern I3
? 7.6: ????????2?????????????????????(a)????
???????????(b)?????????????????????
7.4.2 3????????????????
???????????????????????? 3???????????
? 2???????????????????????????????????
?????????????????????????????????????
?????????????????????? 7.7(a)????????????
????? 7.7(b)???? 3????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????3????????????????????????
???????????????
???? 7.6(b)????????????? 20???????????????
??????????????????????? 7.7(c)???????????
??????????????????????????7.3??????????
??????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????3??????????????????
?????????????????????????????????????
????????????? 7.5?????????
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bc
a
Pattern I1 Pattern I3Pattern I2
? 7.7: ????????????????(a)?????? 3???????(b)?
???????????????(c)?????????????
7.4.3 ?????????
?????????????????????????????????????
?7.8(a)?????????????4????????? I1{I4?????????
??????????????????????4???????????????
????????Z????X???? Y?????20??????????
???? 7.8(b)????????????????????????? 3????
?? 7.7(b)?????????????????????????????????
???4?????????? 2??????????????????????
??????1??????????????????????????????
????????? 2???????????????????????????
??????
? 7.8(c)????????????????????????????????
????????????????????????????????? 4???
????????????????
7.5 ??????????????????
????????????????????? 5,760  1,440 dpi???????
? 2????????????????????????????0.1 mm????
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XY
Z
a
b
c
Pattern I1 Pattern I3Pattern I2 Pattern I4Pattern I1Pattern I2
Pattern I3
Pattern I4
? 7.8: ????????????????(a)???????????????(b)
????????????????(c)?????????????
?????????0.5 mm????????????????? 42 dpi?????
???????????????????? 20????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
7.5.1 ????
? 7.9(a)?????????????????????????? 3?????
??? 2???????????? 1????????????????????
????????????????????????????????NUV ???
??????????????????????????????????????
NV IS???????????????????????????????????
?????????????????????????????????????
?????????????????NUV ?NV IS ??????????????
????NUV ????????????????????????????NV IS
???????????????????????????????????
7.5.2 ???????
NV IS = 0?????NUV = 0; 5; :::; 25?????????????????7.9(b)
?????????????????????????????????????
????NUV ???????????????????????????????
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????????????????365 nm??????????????????
??????? 82 %???????????NUV = 20????????????
?????????? 2 %???NUV = 25???? 1 %????????????
???????????????????????????????
??NUV = 0?????NV IS = 0; 5; :::; 25?????????????????
7.9(c)????? 7.9(b)??????????NV IS??????????????
??????????????????????????????????????
????????????? 90 %???????????????????????
???NV IS????????????????????????????????
?????????????????????????????????????
????????????????
UV
Camera
Printed film
NVIS NUV
a c
b
NUV = 0 5 10 15 20 25
NVIS = 0 5 10 15 20 25
? 7.9: ??????????????????(a)?????(b)????????
??????(c)??????????????
????????????????????????????????????
?????????????????????????????????????
??????????????????????????6??????????
PDMS????????????????????????? 10 mm?????
????????PDMS????? 90 %???????????PDMS? 0.1 mm
???????????????1???????? 99 %???????????
???????
7.6 ??
??????????? 3????????????????????????
?????????????????????????????????
7.2???????????????????????????????????
?????????????????????????????????????
???????????????????????????
81
7.3????????? 3?????????????????????????
????????????????????20????????????????
??????????????????????????????????????
7.4???????????????????????????????????
???? 2????????? 3???????????3???? 4?????
?? 2?????????????????????????????
7.5???????????????????????????????????
?????????????????????????????????????
??????????????
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?8? ??????????????
?????3???????
8.1 ??
6???????????????????????? 3???????????
?????????????????????????????????????
?? 7???????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?? 6.4.2????????????? 3??????????????????
?????????????????????????????? 14{20,60)????
??????????????
????????????????????????????????????
??????? 30)?????????????????????????????
?????????????????????????????????????
? 2????????? 3??????????????? 3?????????
??????????????????????? 8.2????????????
?????????????????????????????????????
???????????????? 8.3???????????????????
?????????????????????????? 8.4?????????
??????????????????????? 8.5????????????
??????? 8.6????????????????????????????
???????????? 8.7???????????
8.2 ??????????????????????
?????????????????????????????????????
????????????????????????????????
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8.2.1 ??????????
????????????????????????????????????
?????????????????????????????????????
???????? 3?????????????????????????? 18{20)?
??????? 3??????????????????????????????
?????????????????????????????????????
????????????????????? 3????????????????
?????????? 14)????? 17)??????????????????
????????????????????? 2???????????????3
?????????????????????????????????????
? 2???????????????????????????????????
??400 nm????????????????????????500 nm????
????A???????????????????????? 400 nm????
?????????????????????????????????????
???????????????????????? 2????????????
??????????????????????2??????????????
? 2?????????????????????? 800 nm?????????
???????? 2????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????????????????????????????????3??
?RGB?????????????????????????????????3?
?????????????????????????????????????
????????????????
8.2.2 T-type????????????????
8.2.1?????????????????????????????????
???????????????? 60)????????????????????
?????????????????????????????????????
????????????????????????????? 2???????
?????????????????????????????????????
???Photochromic Materials: PM?????? 61)??????????????
??????????????????????????????????? PM
??????????????????????
?? 60)?????????????????????????????????
84
?????????????????????????????????????
?????????????????????????????????????
????????Thermally?????????????????????????
???T-type?PM?????????T-type PM??????????????
??????????????????????????????????????
???????PM????????????????? 3??????????
??????????????????????????????????????
????5????????????????????????????????
?????????????????????2???????????????
???????????? 9{11)???????????????????????
?????????????????????????????????????
??3???????????????????????PM??????????
?????????????????????????????????????
???????????????????.
8.3 ?????????????????
?????????????????????P-type?PM??????????
???? 62,63)??????????????. ?????????????????
??????????????????????T-type?PM?????????
?????????????????????????????????????
???????????????????????Photochemically???????
??????????????????????????????????????
?????????????????????????????????????
???T-type?PM???????????????? 1???????????
?????????P-type?PM????????????????? 2????
?????????????????P-type PM???????????????
??????????????????
8.3.1 ??????
? 8.1(a)??P-type?PM????????????????????????
??????3???????????????????????????????
?????????????????? 3???PM??????????????
?????PM?????????PM???????2????????????
???????????????????????? 3???????PM????
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?????? 3??????????????????????????????
?????????????
????PM?????????????????????? 8.1(a)?????
?????????? 2??????????????????????????
??????????????????????????????????PM??
???????????????????????????????????2??
?????????????????????????????????????
?????????????????????????????????????
?????PM??????????????????????????????
??????????????? 63,64)????????????????????
???????????????????????2?????????????
?????????????????????????????????????
????2????????????????????????????????
???????????????
Y
Z X
a
UV
voxel
Vis
Colour
transformation
PM1
PM2
PM3 PM1
PM2
PM3
UV
voxel
Vis
Colour
transformation
PM1
PM2
PM3 PM1
PM2
PM3
UV
Vis
(colour pattern)
c
b
? 8.1: PM?????????????????????????(a)????(b)
????? (c)??????????????????????????????
????
???PM?????????????????PM????????? 8.1(b),
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(c)??????????????????????????PM????????
???????????????????????? 3???PM?????PM1?
PM2?PM3???????????????? PM?????????????
8.2(a)????????????????????????????PM?????
?????????PM???????????????????????????
PM1?PM2?PM3?????????????????????????????
????3??? PM??????????????????????????
???????????????????????????????? 8.1(b)???
?????????????????????PM1??????????????
?????PM2?????????PM3???????????????????
?????????????????????????????????????
??????????????????PM2???PM3??????????PM1
?????????????????????????????????????
?????????????????????????????????????
?????????????PM??????????????????????
?????????????????????????????????????
????????????????????????????????????
UV
Vis Red
PM1 (Cyan)
UV
Vis Green
PM2 (Megenta)
UV
Vis Blue
PM3 (Yellow)
ColouredDecoloured
b
400 500 600 700
A
bs
or
ba
nc
e
PM1
Cyan
PM3
Yellow
PM2
Magenta
Wavelength [nm]
a
? 8.2: ???? 3?????????????????????????????
(a)????????????????(b)???????????
8.3.2 ??????
8.3.1?????????PM???????????????????????
???? 8.3?????????PM????????????????????
???????????????????????Spatial Light Modulator: SLM?
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?????????????????????????????????? SLM1?
SLM2????SLM1?????PM????????????????????
????????????????? SLM2??????????????????
???????????????2?????????????????????
????????????????????????????????? 3???
?????????????????????????????????????
???????SLM1????????Z???????????????????
???z = 1; 2; :::N????? 2???????????????????????
????????????????????????????????????N
?? 2?????????? 3????????????
UV
Vis
UV
Sweeping
PM volume
Vis
White
UV
Vis
z = 1 z = 2 z = N
Y
Z X
? 8.3: ?????????????????????????????????
???
8.4 ????
??????????????????????2????????????P-type
?PM????????????????????????????PM?????
??????????????????????????????????????
????????????? 63)?????????????????? 3?????
??????????????????????????????PM `DAE-0004'
???????????????PM `DAE-0068'????PM `DAE-0018'? 2?
??????
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8.4.1 1???PM?????????????
???? 1???PM???????????PM?????????????
???????????????? 8.4(a)??????????? PM????2
mg/mL??????????????????????????????????
???????????????????? 8.4(b)??PM??????????
?????????????????????????????????????
?????????????????????????????????????
?????
300 700400 600500
Before colouration
After colouration
A
bs
or
ba
nc
e
Wavelength [nm]
UV
Vis
a b
? 8.4: ?????????????????????????????? (a)??
??? (b)????????
? 8.5???????????????????PM?????????????
?????????????6.2.2???????????????PDMS????
??2 mL?PM??? 4.4 mL?PDMS????4.0 mL?????0.4 mL????
??1 cm  1 cm  4 cm???????????????????? 100 C??
??????????????? 1 cm  1 cm  3 cm??????????PM?
??????????????????????????????PM?????
????????????PM?????????????????PDMS???
???????????????????????????PM????????
??????????????????????????????
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